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Abstract
The principal objectives were to investigate the behavior of strengthened reinforced concrete elements by fiber reinforced 
polymer (FRP) composites and analyzing of some factors, which have significant importance for load-carrying capacity of the 
complete structural system.
A sufficient, strengthening procedure can be achieved by considering accurate bond behavior between FRP and concrete 
substrate and examination of factors accounting for this effect. Comprehension of performance of strengthening structures will 
allow for more precise designs that will balance safety and cost.
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1. Introduction
In Civil Engineering, FRP materials which are used for repairing and strengthening of reinforced concrete RC 
structures has become a common practice due to their comparatively less weight, ease of handling and application, 
high strength-to-weight ratio, elimination of requirement for heavy lifting and handling equipment and resistance to 
corrosion. The widespread implementation of FRP as a reinforcement for RC elements requires: a comprehensive 
understanding of how each of these materials behaves alone as well as the behavior of the complete structural 
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system. The behavior of bond between FRP and concrete substrate may be the most fundamental one because it 
plays a key role in the composite performances and the reliability of RC structures after being strengthened [1].
In this analysis, mechanical properties of CFRP (T 300) and AFRP (Kevlar 49) were investigated. Then these 
types of CFRP and AFRP were used for strengthening a beam using the software “LIRA 2014 Academic Set” for 
Finite Element Analysis [2, 3]. Results were compared between each other and some of them were compared with 
existing one.
2. Materials for FRP Strengthening
2.1. Physical and mechanical properties of FRP composites
There are three constants required to describe the linear-elastic response of an isotropic material. For an 
anisotropic material, this number is twenty-one, for an orthotropic material it is nine. Unlike standard materials, FRP 
composites are typically orthotropic or anisotropic, and their analyses are much more difficult. Unidirectional fiber 
composites are a special class of orthotropic materials in which the fiber reinforcements are orientated in a single 
direction. For a composite lamina in which the fibers are oriented in the 1-2 plane, we may assume that the 
properties in directions 2 and 3 are equal or E22 = E33, G12 = G13 andȞ12  Ȟ13 [4, 5].
Knowing mechanical properties of fibers and epoxy resin [6] and using the procedures listed in chapter 2 of [7]
and in chapter 3 of [8] the general mechanical properties of FRP composites unidirectional laminate can be obtained.
Typical mechanical properties for unidirectional composites CFRP (T300) and AFRP (Kevlar 49), about which will 
be discussed later are presented in Table 1.
Table 1. Typical mechanical properties for unidirectional composites CFRP (T300) and AFRP (Kevlar 49) [9, 10]
Parameters CFRP T300/epoxy ( Vf=0.6) AFRP Kevlar 49/epoxy ( Vf=0.6)
Elastic constants:
Longitudinal Modulus E11, MPa 135000 76000
Transverse modulus E22, MPa 10000 5500
In-plane shear modulus G12, MPa 5000 2100
Out-of-plane transverse shear modulus G23, MPa 3846 1850
Poisson`s ratio in the 2-direction due to 1-direction loading v12 0.27 0.34
Poisson`s ratio in the 3-direction due to 2-direction loading v23 0.3 0.47
Strength properties: a
Longitudinal tension F1it, MPa 1450 1240
Longitudinal compression F1ic, MPa 1400 280
Transverse tension F2it, MPa 55 30
Transverse compression F2ic, MPa 170 140
In-plane shear F12i, MPa 90 60
a “i” represents number of layer
2.2. Examination of Strength criteria of FRP materials
Strength of FRP composites, which are exposed to external loads, is analyzed using the Ultimate Strength of the 
materials of which these structures are made of. To analyze the strength of the material of the structure we should
know the Limiting Stress, possible for this material. 
To assess the strength of FRP composites some criteria are used. The essence of these criteria is the choice of a 
stress tensor components function, such as [11]:
 ,,,, 321 imfK VVV (1)
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where - 321 ,, VVV are the main normal stresses that are on three mutually perpendicular planes, in which the 
shear stresses are zero. The constants of the material im are the results of tests that carried out under uniaxial 
tension or compression and torsion.
Therefore, we will consider the following strength criteria:
x Criterion 1 - Maximum Stress failure criterion [12, 17]:
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x Criterion 3 - Von Mises-Hill failure criterion [14]:
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x Criterion 4 - Pisarenko-Lebedev failure criterion [14, 15]:
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x Criterion 5 - Tsai-Hill failure criterion [16]:
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x Criterion 6 - Goldenblat-Kopnov failure criterion[14, 17]:
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For criteria 2, 3, 5 it is necessary to take into account next parameters:
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The properties of CFRP type were used to analyze different types of strength criteria in order to determine the 
most universal criterion. Table 2 shows Ultimate load q according to each criterion, which was found taking into 
account maximum stress formula in the form:
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Table 2. Dependence between Kr and Ultimate Load q
Failure criteria Maximum Stress Fisher von Mises-Hill Pisarenko-Lebedev Tsai-Hill Goldenblat-Kopnov
Ultimate load q 
according to criterion F2i
c 0.0054   0.0053 0.0054 0.0032 0.0052 0.0055
As shown in Table 2 different criterion gives different results. Almost each obtained result is very similar to each 
other, but in Pisarenko-Lebedev criterion the q is much less than others. Taking into account the fact, that ultimate 
load q found with criterion of Maximum Stress is close to others and it shows the stress component, which gives a 
maximal loss of load bearing capacity. This criterion is the most universal and it best suits most analyses.
3. FRP-to-Concrete Bond Behavior
The behavior of the bond between FRP and concrete may be the most fundamental one because it plays a key 
role in the composite’s performances and the reliability of RC structures after being strengthened. Many models 
have been proposed for bond strength between FRP laminates and concrete. Almost on all bond strength models, the 
stress state simulates a “pull” test on a specimen with bonded FRP plate (Figure 1.).
Fig. 1. Schematic of the bond strength test for a concrete with bonded FRP plate.
RC members with bonded FRP plates commonly suffer intermediate crack-induced interfacial de-bonding. Many 
researchers performed various investigations on this mode of failure. Chen and Teng proposed a simple ultimate 
bond strength model (formula 10), established by means of nonlinear fracture mechanics solution for FRP-Concrete 
joints and analysis of a large number of test data [18], [19].
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D is an empirical factor [0.38 to 0.43]; pb and cb refer to the FRP plate and concrete element width respectively;    
pE and f c are the elastic modulus of the FRP and the concrete compressive strength, respectively; pt - is FRP 
thickness; L - is the length of FRP beyond the maximum moment location; eL - is the effective length:
c
pp
e f
tE
L
c
 (11)
Thus, we can conclude that in addition to the strength property of the materials during the strengthening of 
structures, the width and thickness of FRP layer and bonding agent have a significant role.
4. The Experimental Programme
The experimental programme was conducted in order to analyze the behavior of different structural solutions to 
strengthen RC elements with FRP composites by externally bonded reinforcement EBR method. As already 
mentioned, CFRP and AFRP types were used as reinforcement materials for RC slabs under different loadings.
4.1. Specimens’ characteristics and testing materials
The dimension of the specimens was: length of 2.7 m, cross sectional area of 150 mm x 250 mm (Figure 2).
Tables 3 and 4 represent the mechanical properties of the concrete and reinforcing bars used to construct the beams 
respectively. Figure 3 shows the beam’s dimension and reinforcement details [21, 22].
Table 3. Mechanical properties of concrete used for beams 
Elastic modulus, MPa Cubic compressive strength, MPa Tensile strength, MPa
32.5 52.3 3.6
Table 4. Mechanical properties of steel reinforcing bars
Diameters, mm Elastic modulus, MPa Yield stress, MPa Ultimate stress, MPa
6 245 500 641
12 145 340 518
14 140 270 450
The mechanical properties of chosen adhesive, which is used for gluing FRP plates to RC beams, are shown in 
Table 5 [20]. Thickness of adhesive – 0.5 mm.
Table 5. Material properties of bonding agent
Types of adhesive Density, g/cm3 Elastic modulus, MPa Poisson`s ratio Tensile strength, MPa Flexural strength, MPa
Sikadur 330 2.25 4500 0.30 32.00 38.00
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Fig. 2. Specimen dimensions and reinforcement details
In an experimental programme, beam is analyzed with different types of FRP plate width and thickness. Also,
different locations for placement of FRP plates (Figure 3) are determined in order to choose the best possible 
location for connecting the FRP plate to give a minimum deflection under the same load and at the same moment
hasa maximum load bearing capacity. For this purpose, many locations of FRP plates are investigated and with 
different width and thickness of the connected FRP plate as listed in Table 5.
Fig. 3. The location of FRP plates in different configurations
     Table 6. Configurations of pre-stressed FRP plates
Number 
of exp. Specimen name Thickness of FRP plate, mm Width of FRP plate, mm
Width of FRP plate(s) to 
width of RC beam ratio
1 S-0 without strengthening - - -
2 S-1 AFRP (Kevlar 49) 1.4 25 at edges 0.33
3 S-2 AFRP (Kevlar 49) 0.7 50 at edges 0.67
4 S-3 AFRP (Kevlar 49) 0.47 150 (along whole length) 1.00
5 S-4 AFRP (Kevlar 49) 2.8 25 in center 0.17
6 S-1 CFRP (T 300) 1.4 25 at edges 0.33
7 S-2 CFRP (T 300) 0.7 50 at edges 0.67
8 S-3 CFRP (T 300) 0.47 150 (along whole length) 1.00
9 S-4 CFRP (T 300) 2.8 25 in center 0.17
4.2. Analysis in LIRA
RC beams strengthened by FRP plates are set in the program LIRA, which is used for the Finite Element 
Analysis. The mesh size is chosen as 25x25 mm. Stiffness of the materials are used as the gain element by changing 
the deformation modulus, expansion coefficients and dimensions. After determining the properties of the elements, 
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they are strengthened with another layer by “stiff inserts”. This analysis takes into account degradability of glue and 
thermal load for contraction of the material.
Fig. 4. Midspan deflection vs. Applied load depending on location of the pre-stressed FRP plate compared with S-0                                   
configurations: (a) S-1 CFRP and AFRP plates (b) S-2 CFRP and AFRP plates (c) S-3 CFRP and AFRP plates (d) S-4 CFRP and AFRP plates
Figure 4 plots existing results, which were already listed in [21, 22] and analytical curves for strengthened beams. 
The comparison between CFRP (Existing) and CFRP (Current Analysis) demonstrate that the current analytical 
model in general provide good predictions for the flexural responses of the beams strengthened with FRP plates 
under monotonic loading. Results obtained from this study suggest that better strengthening can be provided with 
CFRP plates and the best location of pre-stressed FRP plates is by gluing it to the edges of the beam (specimen S-1).
5. Results and Discussion 
In this paper the influence of the number, width and location of FRPs plates, their orthotropic properties on load-
carrying capacity, bond performance of FRP-to-concrete were investigated to understand the behavior of the
complete structural system and the strengthening mechanism. We took into account different criteria during analysis
of strength properties of the material: Maximum Stress failure criterion, Fisher failure criterion, Von Mises-Hill 
failure criterion, Pisarenko-Lebedev failure criterion, Tsai-Hill failure criterion and Goldenblat-Kopnov failure 
criterion.
An analysis of the model is represented for RC beams-externally reinforced with FRP laminates using FEA
techniques adopted by LIRA. The presented nonlinear FEA was carried out using 9 different configurations for a
beam with AFRP and CFRP at different locations of FRP plates. Results obtained from this study suggest that the 
best location of pre-stressed CFRP plates is by gluing it at the edges of the beam.
686   Kostiantyn Protchenko et al. /  Procedia Engineering  111 ( 2015 )  679 – 686 
The load-deflection curves from the FEA of some of the specimens are in agreement with the existing results in 
the linear range. But the finite elements results also showed a slightly steeper slope than that for the existing results
in cases where the width of FRP to the width of substrate ratio is higher. Otherwise, they are more flexible for the
smaller ratio of the FRP plates to concrete beam. The maximum deviation of FEA results from the existing data is
determined to be about 9.5%.
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